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a b s t r a c t

With the expansion of urbanization in China, the integrated biogas-utilization system has gained its pop-
ularity for both renewable energy production and multi-level utilization of organic waste. To appraise
the ecological performance of the integrated biogas system, systematic accounting is undertaken for an
integrated “pig–biogas–fish” system in Hubei province, China. Based on Odum’s concept of embodied
solar energy as a unified measure for environmental resources, human labors and purchased goods, a set
of emergetic indicators are employed to quantify the system sustainability. The results reveal that in a
20-year designed lifetime scenario, 94.69% of the total emergy inputs for the “pig–biogas–fish” system
are attributed to purchased social resources. Three kinds of products, namely pig, biogas, fish are taken
into consideration, and transformity of the “pig–biogas–fish” system is calculated as 1.26E + 05 seJ/J. Com-
pared with the Chinese conventional agriculture system, the integrated biogas system shows a higher
sustainability. Given that most biogas systems have a lifespan less than 20 years, for the “pig–biogas–fish”

system, six other scenarios with different lifespans are studied to investigate the impact of the lifespan
on sustainability. The findings suggest that the “pig–biogas–fish” system should be well operated for at
least 8 years to prove its advantage in ecological economy over the conventional agriculture system. This
has essential policy implications that local government should strengthen subsequent management on
biogas production to extend the practical service life of the biogas system.
. Introduction

Since fossil fuels are limited and consumption of these fuels casts
negative impact on the environment, renewable energy is playing
crucial role in sustainable energy development (Chen and Chen,
011b). In 2012 alone, global investment in renewables has reached

44 million dollars, 8% above the 2010 level (REN21, 2013). As the
orld’s fourth largest source of energy (following oil, coal, and
atural gas), biomass is expected to become the most promising
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renewable energy source (IEA, 2011). Biogas production, a primary
way of using biomass to provide modern energy services, has con-
tinued to increase, especially in developing countries (Olugasa et al.,
2014).

China has an enduring history of biogas utilization with the first
test of biogas fermentation that was undertaken in the 1880s (Yang
and Chen, 2014b). Afterwards to address challenges from energy
shortage in rural areas, China has been on a constant endeavor to
promote the biogas construction. In 2007, the government pub-
lished the Medium and Long-Term Development Plan for Renewable
Energy, predicting that some 80 million household biogas digesters

would have been installed with a total output of 30 billon m3 by
the end of 2020 (NDRC, 2007). In recent years, with the expansion
of rural urbanization in China, waste disposal is becoming a trou-
blesome roadblock in the way (Chen et al., 2012a; Ruan et al., 2006;

dx.doi.org/10.1016/j.ecolind.2014.04.033
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2014.04.033&domain=pdf
mailto:qyang@mail.hust.edu.cn
mailto:aalsaedi@hotmail.com
dx.doi.org/10.1016/j.ecolind.2014.04.033


1 Indica

W
i
l
e
t
b
h

a
d
t
i
i
b
r
a
a
r
a
t
i
f
b
a
2
a
2
n
p
c
r
p
a
s
U

o
p
a
a
m
t
m
s
p
o
s
(
t
h
e
f
s
e
t
p
e
t
a
(
s
G
a
t
(
t

poor management, however, it is not capable of working for 20
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u et al., 2012; Yuan et al., 2008). A promising biogas technology
s expected to offer energy supply, as well as to achieve multi-
evel utilization of organic waste (Agostinho and Ortega, 2012; Li
t al., 2012; Song et al., 2014; Yang and Chen, 2014a). In this con-
ext, the integrated biogas-utilization system, which incorporates
iogas fermentation technology into crop production and animal
usbandry, has arrested extensive attention.

In the integrated biogas-utilization system, the substrate for
naerobic digestion is from agricultural and household wastes, thus
rastically preventing environmental pollution that stems from
he wastes discharged directly. After fermentation, biogas finds
ts application as a clean fuel in households, and biogas residue
s recycled to agriculture as an organic fertilizer. The integrated
iogas-utilization system has thus realized the maximization of
ecycling and declared its sound environmental and economic
dvantages. However, though the integrated system yields energy
nd goods, it demands materials and work force, particularly free
esources from nature as its subsystems of crop production and
nimal husbandry are heavily dependent on environmental condi-
ions. Therefore, systematic accounting on the integrated system
s imperative to be undertaken in order to guarantee a sustainable
uture. Extensive studies on the ecological accounting of typical
iogas systems have been carried out with methods of life cycle
ssessment (LCA) (Berglund and Börjesson, 2006; Chen and Chen,
013a,b; Chen et al., 2012b; Poeschl et al., 2012; Rehl et al., 2012)
nd exergy (Chen and Chen, 2007a; Chen et al., 2009b; Xydis et al.,
013; Yang and Chen, 2014b). These studies have contributed sig-
ificantly to the development of accounting for renewable energy
rojects. However, these methods are rarely implemented in full
onsideration of the resource use due to human labor and envi-
onmental work. In contrast, the emergy method that was first
roposed by Odum on the basis of a combined system of humanity
nd nature, could offer an insightful perspective into production
ystem evaluation from a systematic point of view (Brown and
lgiati, 2004).

Emergy is defined as the available energy of one kind of previ-
usly used up in transformations directly and indirectly to make a
roduct or service (Odum, 1983, 1988, 1996). It tracks the total
mount of resources required to produce something by tracing
ll energy flows back to the conventionally accepted Earth’s ulti-
ate energy source: solar radiation (Odum, 1994), thus integrating

he value of environmental investments, goods, services and infor-
ation on a common foundation of solar emjoule (abbreviated

eJ) and devising scientific indicators to measure its ecological
erformance. Till now, the emergy method has been performed
n the region scale (Higgins, 2003; Lei et al., 2008), the nation
cale (Ulgiati et al., 2011; Yang et al., 2010), and the world scale
Brown and Ulgiati, 1999). In addition, some renewable energy
echnologies have also been evaluated with emergy, such as the
ydropower plant (Zhang et al., 2014), the wind power plant (Yang
t al., 2013) and the solar power system (Zhang et al., 2012). A
ew studies have been conducted so far to assess typical biogas
ystems via the emergy approach. Wei et al. (2009) compared the
fficiency and sustainability between a “four in one” peach produc-
ion system in Beijing and a conventional solar greenhouse peach
roduction system by emergy-based ecological analysis. Ciotola
t al. (2011) evaluated a small scale biogas production and elec-
ricity generation system in Costa Rica on aspects of sustainability
nd environmental impacts with emergy indices. Chen and Chen
2012) undertook an emergy evaluation of the efficiency and emis-
ion mitigation effect of a biogas-linked agricultural ecosystem in
ongcheng County, China. Then Chen and Chen (2014) proposed

3-level emergetic evaluation framework to investigate the sus-

ainability of the integrated biogas-utilization system. Wang et al.
2014) introduced life cycle assessment (LCA) into emergy evalua-
ion to analyze each production step of a large-scale biogas project
tors 47 (2014) 189–197

in Hebei province, China. These studies serve as a reflection for the
developments of both the emergy analysis and ecological biogas
system.

Hubei province is located along the Yangtze River with devel-
oped aquaculture industry, and the “pig–biogas–fish” system, a
common integrated biogas mode in Hubei is chosen as a case in this
paper. As an extension for our work on fossil energy cost of pur-
chased goods in the “pig–biogas–fish” system (Yang et al., 2012),
this study presents systematic accounting and indicators of the
“pig–biogas–fish” system via the emergy method to estimate envi-
ronmental and economic inputs and to assess the sustainability of
this system. Nowadays, the latest systematic multi-scale embodied
ecological elements databases including different kinds of produc-
tions in China have been published by Chen and his research group
(Chen and Chen, 2007b, 2009b, 2010, 2011a; Chen et al., 2011a,
2011b, 2011c, 2011d, 2013; Han et al., 2013; Li and Chen, 2013; Li
et al., 2013, 2014; Meng et al., 2014; Shao and Chen, 2013; Shao
et al., 2013; Yang et al., 2009; Yang and Chen, 2012, 2013; Zhou,
2008), and are thus applied in this research to improve the accuracy
and avoid repeatability of emergy accounting. Besides, the opera-
tional time of the biogas digester is assumed as 21 years (Zhou et al.,
2010) or 20 years (Wu et al., 2013) in previous papers, but actually,
it does not always tally with the fact. In this case, this paper tries
to take account of the impact of the lifespan on sustainability for a
more accurate analysis.

The rest of this paper is organized as follows. After an intro-
duction of the case study and the emergy method in Section 2, we
present the system performance of the case based on emergy eval-
uation indicators and discuss major findings in Section 3. Finally,
in Section 4 some concluding points of this study are presented.

2. Materials and methods

2.1. The case biogas system description

The household biogas system under consideration is the
biogas energy and animal husbandry linked agro-ecosystem
in Zhongzhouzi fishery, Jinzhou City (111◦15′–114◦05′E,
29◦26′–31◦37′N), Hubei province, which we call a
“pig–biogas–fish” system. Jinzhou is an important port city
and freshwater fishery base along the Yangtze River, and is known
as “the land of plenty” in China, with an annual average sunlight
time of 1978 h. The annual average temperature is 17.8 ◦C, with
the lowest winter temperature going down to −3.0 ◦C and the
highest temperature climbing up to 38.4 ◦C in summer. The annual
average precipitation is 1300 mm (Jingzhou, 2002). In recent years,
Jinzhou is committed to developing ecological agriculture, and
chooses Zhongzhouzi fishery as an exemplary demonstration
area for the household “pig–biogas–fish” system. Up to 2010, the
demonstration area has been extended to 0.6 million m2 and the
income of residents has increased by 6.2 million RMB in total
compared to the year 2008.

As shown in Fig. 1, the “pig–biogas–fish” system consists of a
pigsty, a biogas pool and a fishpond. The workflow is as follows:
through raising pigs, residents put the pig manure into the digester
as the fermentation crude to produce biogas for everyday lighting
and cooking. Meanwhile, the biogas slurry and residue can be used
as a base fertilizer and top dressing for the fishpond. The details
have been introduced in our previous work (Yang et al., 2012). This
system is designed with an operational life of 20 years. Given the
years (Liu and Feng, 2013). In China, the government has offered
local residents sufficient technological guidance and subsidy for
biogas promotion at the beginning of the construction, but subse-
quent management guidance is often neglected.
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Fig. 1. Schematic diagram

.2. Emergy analysis

Odum’s emergy synthesis is a thermodynamic approach for
he ecological evaluation of resources, products and services by
ccounting the total natural work (Chen and Chen, 2006; Chen
t al., 2010; Sciubba and Ulgiati, 2005). On the one hand, the emergy
ethod focus on the role of the environment in support of human-

ominated processes, which can be used as a supplement to the
oney-based economic evaluation that takes only the contribu-

ion from social economy into consideration. On the other hand,
otally different from conventional energy analysis which merely
ccounts for the remaining available energy at present, the emergy
ethod expands the time scale of the evaluation to include the
emory of resource flows converging to the system. Detailed pro-

ess of emergy accounting has been given by some researchers
Chen et al., 2006; Zhou et al., 2009). For the “pig–biogas–fish”
ystem, the first step is to draw an overview emergy diagram to
efine the boundary of the given system and identify the inputs and
utputs to be evaluated on basic symbols presented by Odum. As
escribed in Fig. 2, the total emergy inputs are generally aggregated

nto four categories: free environmental renewable resources (RR),
ree environmental nonrenewable resources (NR), purchased social
enewable inputs (RP) and purchased social nonrenewable inputs
NP). The total emergy use (U) is equal to the sum of emergy inflows
RR + NR + RP + NP). Correspondingly, produced energy (Ep) denotes
he output of total energy produced by the “pig–biogas–fish” sys-
em. Besides, pig manure and biogas residues are recycled in this
ystem, and these two intermediate materials are regarded as the
nternal force that drives emergy to transfer from pigsty to biogas
ool and then from biogas pool to fishpond, hence system feed-
ack emergy (SF) represents the communication emergy within this
ystem.

The second step for emergy analysis is to obtain the emergy
alue of each item considered in the “pig–biogas–fish” system. In
his step, all inputs with raw data such as joules, kilograms or dol-
ars are converted into solar emergy with the unit of seJ. And for
his conversion, Unit Emergy Value (UEV), also regarded as emergy
ntensity, is defined as the solar emergy required to make per unit
joule or mass or money) of a product or service (Brown and Ulgiati,
004), thus total emergy use (U) in the biogas system can be calcu-

ated as

=
∑

ui =
∑

pi × UEVi (1)
here ui denotes the emergy associated directly and indirectly
ith the production of the ith product, pi, to the entire process

f the system. It should be noted that UEVs for a wide variety of
“pig–biogas–fish” system.

goods and services can be obtained from previous studies to facili-
tate the emergy analysis. However, UEV of a given object may have
different values due to the specific geographic location and produc-
tion process. As the first endeavor in embodied ecological elements
accounting of Chinese national economy, Zhou (2008) offered a
systematic UEV database consisting of 151 physical goods by com-
bining the input-output analysis with ecological thermodynamics
(see Appendix). To avoid dispersed and inappropriate UEVs and to
guarantee the accuracy of emergy analysis in this study, UEVs of
materials and resources associated with the investigated biogas
system are mainly from Zhou’s database.

The final step is to establish an emergetic indicator framework
and to quantify ecological behaviors of the “pig–biogas–fish” sys-
tem, which will be elucidated in detail below.

The global emergy sustaining the biosphere is also regarded
as the emergy base of reference, which was previously calcu-
lated as 9.44E + 24 seJ/yr (Odum, 1996), and then updated as
1.58E + 25 seJ/yr (Odum et al., 2000) and 1.52E + 25 seJ/yr (Brown
and Ulgiati, 2010). In the following we adopt the Brown and Ulgiati
(2010) baseline, and UEVs prior to the year 2010 are multiplied
by 1.61 (the ratio of 1.52E + 25/9.44E + 24) or 0.96 (the ratio of
1.52E + 25/1.58E + 25) for conversion to the new baseline.

2.3. Emergetic indicators

On the basis of the fluxes mentioned above (RR, NR, RP, NP, U, Ep,
SF), a series of indicators are introduced as follows to present the
system performance of the “pig–biogas–fish” system (Chen et al.,
2009a; Jiang et al., 2008; Ulgiati et al., 1995)

transformity (Tr) = U

Ep
(2)

Transformity (Tr), a type of UEV, is defined as the emergy input
per unit of available energy output (Odum and Odum, 2000) with
a unit of seJ/J. It is obtained by the ratio of total emergy used in a
process to the energy yielded by the process. Tr is an expression
of the quality of the output itself. The higher the transformity, the
more emergy is required to make the product flow.

renewable percentage index (Pr) = RR + RP

U
(3)

Different from the percent renewable index as the ratio of RR

to U presented by Brown and Ulgiati (1997), a modified renew-
able percentage index (Pr) is defined as the ratio of all renewable
emergy inputs free or purchased to the total emergy inputs and it
illustrates renewable contribution in the total inputs of the given
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Fig. 2. Aggregated emergy flow di

ystem (Chen and Chen, 2009a). A system with higher Pr is consid-
red more sustainable in the long run.

mergy yield ratio (EYR) = U

RP + NP
(4)

EYR is the ratio of total emergy cost to the purchased emergy
rom the outside economy, which represents the efficiency of a pro-
ess using purchased inputs to exploit natural resources. The higher
he index, the greater the return is obtained per unit of emergy
nvested.

nvironmental load ratio (ELR) = NR + NP

RR + RP
(5)

ELR is the ratio of the total emergy of nonrenewable inputs to
he total emergy of renewable inputs, which indicates the stress of
he given system on the environment. And the lower the ratio, the
ower the stress is on the environment.

nvironmental sustainability index (ESI) = EYR

ELR
(6)

ESI takes both ecological and economic compatibility into
ccount, and it indicates whether a process provides due contri-
ution to the user with a low environmental pressure, reflecting
he overall sustainability of a production process. The higher the
ndex, the higher the sustainability of the system is.

mergy feedback ratio (EFR) = SF

RP + NP
(7)

It is the ratio of system feedback yield emergy to the purchased
mergy from the economy, which represents the self-organization
bility of the system. The higher the index, the stronger the inner
rive is in the system (Wei et al., 2009).

. Results and discussion

.1. Emergy accounting

Corresponding to Fig. 2, Table 1 lists the evaluated emergy val-

es of the aggregated flows associated with the “pig–biogas–fish”
ystem, and takes one year as the time cycle for a 20-year designed
peration scenario. Five free renewable resources inflowing to
he “pig–biogas–fish” system are calculated in free renewable
for the “pig–biogas–fish” system.

resources (RR) accounting, but to avoid double accounting, only
the item with the highest value is adopted (Odum, 1996). And
in this research, the earth cycle energy is the largest one com-
pared with solar radiation energy, kinetic energy of wind, chemical
energy of rain and gravitational potential energy of rain, so its
value (6.48E + 14 seJ/yr) is taken as RR inputs. For free nonrenew-
able resources (NR) accounting, 1.12E + 14 seJ/yr, the main concern
is nutrition from the natural topsoil losses and the soil degrada-
tion, which serves as the fundamental support for this ecological
agriculture system.

Purchased social inputs (RP + NP) include those bought from
the economy, such as electricity, fertilizer and human labor. And
renewable percent of each item is listed in Column 1, Table 1
according to Chen and Chen (2010), which provides a detailed cal-
culation of the renewable and nonrenewable emergy inputs of 135
sectors in China with an ecological input–output modeling. Swine
manure in the pigsty system and biogas residues in the biogas pool
system are counted as system feedback (SF), and they amount to
1.31E + 15 seJ/yr, implying that 1.31E + 15 seJ of emergy is recycled
in internal system every year and helps propel its self-organization.
Produced energy (Ep), 1.13E + 11 J/yr, mainly comprises three prod-
ucts, namely pig, biogas and fish, among which pig and fish are
imported into the market directly, and biogas is used by the house-
hold and helps cut down the amount of coal bought from the
market.

The results show that the total emergy inputs (U) of the
“pig–biogas–fish” system are 1.43E + 16 seJ/yr (1.38E + 16 seJ/yr
without L&S), and among them the major emergy inputs are
ascribed to purchases (RP + NP), 1.35E + 16 seJ/yr with the largest
percentage of 94.69%. As shown in Fig. 3, RR accounts for 4.53% of
the total emergy inputs, while NR takes up 0.78%. Both RR and NR
are supplied by the free environment and denote the direct support
from the nature. The two parts are calculated as 7.60E + 14 seJ/yr
altogether. Besides, the purchases can be divided into four parts:
labor and services; the pigsty system; the biogas pool system
and the fishpond system. Emergy inputs of the fishpond system
are 9.17E + 15 seJ/yr, taking the largest share (64.16%) of the total

emergy, and they are mainly caused by materials used in oper-
ation and maintenance phases because emergy associated with
fish feed and fertilizer takes up 70.24% of total emergy in fishpond
system.
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Table 1
Emergy accounting for the “pig–biogas–fish” system.

Class Item p Unit UEV (seJ/unit) u (seJ/yr)

Renewable resources from free environment (RR)
100.00%R Solar radiation 2.51E + 13a J/yr 1.00E + 00 2.51E + 13
100.00%R Wind (kinetic) 2.85E + 09b J/yr 2.41E + 03c 6.87E + 12
100.00%R Rain (chemical) 1.01E + 10d J/yr 2.93E + 04c 2.96E + 14
100.00%R Rain (geopotential) 3.66E + 08e J/yr 1.69E + 04c 6.18E + 12
100.00%R Earth cycle 1.17E + 10f J/yr 5.54E + 04c 6.48E + 14
Subtotal 6.48E + 14
Nonrenewable resources from free environment (NR)
0.00%R Soil loss 9.39E + 08g J/yr 1.19E + 05c 1.12E + 14
Subtotal 1.12E + 14
Purchased social renewable and nonrenewable inputs (RP + NP)
34.65%Rh Labor and services (L&S) 5.08E + 01i $/yr 9.45E + 12j 4.80E + 14
Pigsty
9.06%Rh Cement and bricks 1.90E + 01 kg/yr 4.88E + 11k 9.27E + 12
9.06%Rh Lime 1.25E + 01 kg/yr 5.41E + 12k 6.76E + 13
4.35%Rh Steel 2.63E + 00 kg/yr 5.20E + 12k 1.37E + 13
85.10%Rh Feed 1.20E + 03 kg/yr 2.16E + 12k 2.59E + 15
29.33% Rh Drugs 4.80E − 02 kg/yr 1.58E + 14k 7.58E + 12
29.33%Rh Disinfectant 4.00E − 01 kg/yr 1.02E + 13k 4.08E + 12
75.70%Rh Water 5.66E + 04 kg/yr 7.49E + 08k 4.24E + 13
21.29%Rh Electricity 2.30E + 08 J/yr 5.06E + 05k 1.16E + 14
Biogas pool
9.06%Rh Cement 4.50E + 01 kg/yr 4.88E + 11k 2.20E + 13
33.27%Rh Sand and pebble 5.00E + 01 kg/yr 1.61E + 09c 8.05E + 10
12.46%Rh Plastic pipe 4.00E + 00 kg/yr 9.85E + 12k 3.94E + 13
4.35%Rh Steel mold 1.25E + 02 kg/yr 7.76E + 12k 9.70E + 14
Fishpond
9.06%Rh Lime 1.80E + 02 kg/yr 5.41E + 12k 9.74E + 14
11.93%Rh Bleach 3.20E + 00 kg/yr 1.02E + 12k 3.26E + 13
23.80%Rh Aerator 5.00E − 02 set/yr 3.45E + 16k 1.72E + 15
85.10%Rh Feed 1.95E + 03 kg/yr 2.16E + 12k 4.21E + 15
13.80%Rh Nitrogen fertilizer 2.00E + 02 kg/yr 5.23E + 12k 1.05E + 15
13.80%Rh Phosphate fertilizer 1.00E + 02 kg/yr 1.19E + 13k 1.19E + 15
Subtotal 1.35E + 16
System feedback (SF)

Swine manure 8.42E + 09l J/yr 2.60E + 04m 2.19E + 14
Biogas residues (N) 5.52E + 01n kg/yr 5.23E + 12k 2.89E + 14
Biogas residues (P) 6.72E + 01n kg/yr 1.19E + 12k 7.97E + 14

Subtotal 1.31E + 15
Produced energy (Ep)

Pig 9.80E + 09o J/yr
Biogas 1.00E + 10p J/yr
Fish 9.34E + 10q J/yr

Subtotal 1.13E + 11 J/yr
U (with L&S) 1.43E + 16 seJ/yr
U (without L&S) 1.38E + 16 seJ/yr

a Solar energy = (area) × (average insolation) × (1 − albedo) = (5.32E + 03 m2) × (5.90E + 09 J/m2/yr) × (1–20%) = 2.51E + 13 J/yr.
b Wind energy = (area) × (density of air) × (average annual wind velocity)3 × (annual working time) × (drag coefficient) = (5.32E + 03 m2) × (1.23 kg/m3) × (2.40 m/s)3

× (3.15E + 07 s/yr) × (0.001) = 2.85E + 09 J/yr.
c Refer to Odum (1996) with the baseline of 9.26E + 24 seJ/yr. UEVs adopted from that paper is multiplied by 1.61 for conversion to the new baseline.
d Rain energy (chemical) = (area) × (evapotranspiration) × (rain density) × (Gibbs free energy) = (5.32E + 03 m2) × (3.86E − 01 m/yr) × (1.00E + 03 kg/m3) × (4.94E + 03 J/kg)

= 1.01E + 10 J/yr.
e Rain energy (geopotential) = (area) × (rainfall) × (runoff rate) × (average elevation) × (rain density) × (gravity) = (5.32E + 03 m2) × (1.30 m) × (20%) × (2.70E + 01 m)

× (1.00E + 03 kg/m3) × (9.80 m/s2) = 3.66E + 08 J/yr.
f Energy of earth cycle = (area) × (heat flow) × (annual working time) = (5.32E + 03 m2) × (7.00E − 02 W/m2) × (3.15E + 07 s/yr) = 1.17E + 10 J/yr.
g Lost energy = (area) × (total soil loss per year in China)/(National territory area) × (average organic content) × (energy content/g organic) = (5.32E + 03 m2)

× (5.00E + 15 g/yr)/(9.60E + 10 m2) × (1.5%) × (2.26E+01 J/g) = 9.39E + 08 J/yr.
h Refer to Chen and Chen (2010).
i Labor and services = (area) × (average wage) × (exchange rate between RMB and $ in 2004) = (5.32E + 03 m2) × (7.90E − 02 RMB/m2/yr) × (1.21E − 01 $/RMB) = 5.08E + 01

$/yr.
j Refer to Yang et al. (2010) with the baseline of 9.26E + 24 seJ/yr. UEVs adopted from that paper is multiplied by 1.61 for conversion to the new baseline.
k Refer to Zhou (2008) with the baseline of 9.26E + 24 seJ/yr. UEVs adopted from that paper is multiplied by 1.61 for conversion to the new baseline.
l Energy of swine manure = (manure per year) × (organic matter content) × (standard energy value) = (4.16E + 03 kg/yr) × (15%) × (1.35E + 07 J/kg) = 8.42E + 09 J/yr.

m Refer to Wei et al. (2009) with the baseline of 1.58E + 25 seJ/yr. UEVs adopted from that paper is multiplied by 0.96 for conversion to the new baseline.

kg) × (
m3) =
kg) ×

f
a
o
h
t

n Refer to Lin et al. (2008).
o Energy of pig = (output) × (calorific value) = (1.00E + 03 kg/yr) × (2.34E + 03 Kcal/
p Energy of biogas = (output) × (calorific value) = (4.00E + 02 m3/yr) × (2.50E + 07 J/
q Energy of fish = (output) × (calorific value) = (9.60E + 03 kg/yr) × (2.33E + 03 Kcal/

The second largest contribution (19.94%) to the total emergy is
rom the pigsty system for materials used in construction, oper-

tion and maintenance phases. But for the biogas pool system,
nly materials used to construct the biogas digester are counted
ere since raw materials for fermentation can be supplied by
he pigsty system, and the biogas pool system takes up 7.22%.
4.19E + 03 J/Kcal) = 9.80E + 09 J/yr.
1.00E + 10 J/yr.
(4.19E + 03 J/Kcal) = 9.34E + 10 J/yr.

Labor and services part, the part referring to construction man-
power and labor for operation, accounts for a proportion of 3.36%.

In this part, human labor and society service are linked up to
nature, and this part is an important part in the environmen-
tal accounting, although usually neglected in traditional energy
analysis.
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Table 2
Comparison of Tr of some typical biogas systems.

No. Location Lifetime (yr) Tr (seJ/J)

1 Wei et al. (2009)a Beijing, China 20 1.98E + 05
2 Ciotola et al. (2011)b Earte University, Costa Rica 20 8.73E + 04
3 Chen and Chen (2012)a Guangxi, China 20 3.63E + 05
4 Wu et al. (2013)b Shanxi, China 20 2.40E + 06
5 This study Hubei, China 20 1.26E + 05
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in the whole biogas system are converted to annual flows accord-
a Relative to the baseline of 1.58E + 25 seJ/yr. Tr in that paper is multiplied by 0.96
b to the baseline of 9.26E + 24 seJ/yr. Tr in that paper is multiplied by 1.61 for con

.2. Transformaty (Tr)

Tr is a crucial parameter, which denotes the overall effi-
iency of the system. Those with greater transformities demand
ore emergy to generate the same amount of products. For the

pig–biogas–fish” system, Tr is calculated as 1.26E + 05 seJ/J. Table 2
ists Trs of some typical biogas systems in previous studies. Given
hat the baseline adopted has a direct impact on the value of
r, all Trs in Table 2 are converted to the common baseline of
.52E + 25 seJ/yr to make them comparable. Some numerical vari-
tions can be seen in the table, and they are mainly attributed to
he differences in production efficiency and the different values of
EVs adopted in emergy analysis.

Apart from the reasons mentioned above, some other factors
re also responsible for the differences. The “four in one” biogas
ystem in the first study in Table 2 included a solar greenhouse
or the cold weather during winter time in northern China, which
ncreased emergy inputs of this biogas system. This also reflects
hat the warm-wet climate in southern China can help improve the
fficiency of biogas systems. The second research took the biogas
igester as the research object rather than the integrated biogas-
tilization system, and only the emergy investment associated with
he digester was considered, so Tr in that paper is smaller than
hat in our study. And it proves that the biogas energy utilization
as a higher efficiency considering the lower Tr. The biogas-linked
gricultural ecosystem introduced by the third paper added the
ve free renewable emergy inputs, i.e. solar radiation, rain (chem-

cal), rain (geopotential), wind (kinetic) and earth cycle together
n RR accounting, which is different from the calculation in this
aper. Also, the fourth study used the sum of the five free renew-
ble emergy inputs as RR inflow. Besides, the biogas was calculated
s a kind of feedback rather than a product in that study. However,
he differences between these researches can offer insight into the
erformance of the biogas technology from different perspectives.

.3. Emergy-based indicators
Listed in Table 3 are emergy fluxes and indicators of the
pig–biogas–fish” system. Pr of the “pig–biogas–fish” system is

Fig. 3. Fractions of emergy inputs for the “pig–biogas–fish” system.
onversion to the new baseline.
n to the new baseline.

52.66%, while it is 25.00% for the conventional agriculture sys-
tem in China (Jiang et al., 2007), implying that for the total inputs,
the ratio of renewable inputs in the “pig–biogas–fish” system is
larger than that in the conventional agriculture system and that
the integrated biogas-utilization system can reduce consumption
of nonrenewable energy by making full use of renewable energy.
EYR of the “pig–biogas–fish” system is 1.06, which implies that
0.06 unit of free environmental resources can be exploited when
one unit of purchased inputs is invested in this system. ELR of
the “pig–biogas–fish” system is 0.90, indicating that nonrenewable
emergy used in this biogas system is less than the renewable one.

Moreover, combining EYR with ELR, ESI gives a comprehensive
analysis on the sustainability of this system, and it is calculated
as 1.17, higher than that of the conventional agriculture sys-
tem (0.74) (Jiang et al., 2007), demonstrating that the integrated
biogas-utilization system has a higher sustainability. Last but not
least, index EFR illustrates that the system feedback emergy of the
“pig–biogas–fish” system is 9.64% of the purchased emergy, and it
also manifests that recycled materials can decrease the purchased
inputs by 9.64%.

3.4. Impacts of operation time

The advantages of the “pig–biogas–fish” system are discussed
above in the optimal scenario of 20-year stable operation. However,
most of the biogas projects suffer from a high rate of obsolescence
after 3 years of operation (Liu and Feng, 2013; Zhang et al., 2013).
And to determine the influence of lifespan on sustainability for this
integrated biogas-utilization system, six other scenarios with dif-
ferent running times from 5 years to 10 years are shown in Fig. 4
below.

The sustainability of the six scenarios is presented with ESI
index, which is calculated following the emergy accounting process
introduced in Section 2. Since one year is chosen as the time span,
for each scenario, the construction materials and machinery used
ing to its service life that ranges from 5 to 10 years. As pointed
out in Eq. (6), the higher the index of ESI, the higher the sustaina-
bility of the system is. It can be witnessed that sustainability of

Table 3
Emergy fluxes and indicators for the “pig–biogas–fish” system.

Flux Value Unit

Free renewable emergy (RR) 6.48E + 14 seJ/yr
Free nonrenewable emergy (NR) 1.12E + 14 seJ/yr
Purchased renewable emergy (RP) 6.88E + 15 seJ/yr
Purchased nonrenewable emergy (NP) 6.65E + 15 seJ/yr
Total emergy use (U) 1.43E + 16 seJ/yr
Total feedback (F) 1.31E + 15 seJ/yr

Indicator Value

Renewable percentage index (Pr) 52.66%
Emergy yield ratio (EYR) 1.06
Environmental loading ratio (ELR) 0.90
Environmental sustainability index (ESI) 1.17
Emergy feedback ratio (EFR) 9.64%



X.F. Wu et al. / Ecological Indica

0.57 

0.63 
0.69 

0.76 
0.79 

0.84 

0.50

0.60

0.70

0.80

0.90
ES
Ii

nd
ex

0.74

t
l
“
i
4

o
t
t
n
i
s
s
m
i
(
i
F
t
t
d
t
o
i
n
a

t
c

5 6 7 8 9 10 Lifespan (yr)

Fig. 4. Sustainability of the six scenarios with different running times.

he biogas system is closely correlated with its lifespan that the
onger the working time is, the higher the sustainability is. ESI of the
pig–biogas–fish” system with 5 years of operation life is 0.57, while
t is 0.84 for the system with 10 years of working life, increasing by
7.37%.

There are two main reasons behind this dynamic trend. The first
ne is the higher index of EYR for the scenario with longer opera-
ion life (Fig. 5). Regarding the construction materials invested in
he construction process and the machinery bought at the begin-
ing of the operation process, the total amount of them is constant

n all scenarios, but the annual amounts of them are different in six
cenarios due to the different lifespans. As the lifespan of the biogas
ystem enlarges, the annual flows associated with the construction
aterials and the machinery decrease in inverse proportion, lead-

ng to the same amount of reduction of both purchased emergy
RP + NP) and the total emergy inputs (U) and consequently the
ncrease of EYR. The other one is the decline in ELR, also depicted in
ig. 5. It is attributed to the small renewable percent of the construc-
ion materials and the machinery. When annual flows decrease in
he above case, the nonrenewable part of purchased emergy (NP)
eclines faster than the renewable part (RP). In summary, the longer
he operation time of the biogas system is, the greater the return is
btained per unit of emergy investment and the lower the pressure
s caused on the environment. Since ESI is the ratio of EYR to ELR, the
umerator increases while the denominator decreases, resulting in

rise in sustainability.

The line of 0.74 standing for ESI of the conventional agricul-
ure system (Jiang et al., 2007) is presented in Fig. 4 to make a
omparison. The “pig–biogas–fish” systems in two adjacent
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Fig. 5. EYR and ELR for the six scenarios with different running times.
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scenarios, i.e. the 7-year lifespan and the 8-year lifespan demon-
strate a gain or loss on the contrary. The 7-year scenario has a lower
sustainability than the conventional agriculture system, implying
an adverse effect on the sustainable development of the agriculture,
while the 8-year scenario has a favorable impact. It is therefore pro-
jected that the “pig–biogas–fish” system should work normally for
at least 8 years to prove its benefit in sustainability.

In fact, only a small proportion of biogas systems can work for
8 years or more than 8 years to exhibit their advantages in sus-
tainability. The high rate of obsolescence is mainly due to a lack of
follow-up service and management of biogas digesters. In China,
the development of household biogas projects mostly focuses on
the construction and fails to take management into consideration,
and local governments care more about the development than
utilization for the social benefit. Another severe fact is that most
residents in China have little knowledge and training in household
biogas production. Therefore, an endeavor to provide follow-up
service is urgent to ensure the favorable function of digesters and
the maximum sustainable benefits of biogas systems. In addition,
the governments should also direct full attention to the manage-
ment and try to change the work center.

4. Concluding remarks

This paper undertakes a systematic accounting and provides
ecological indicators for an integrated “pig–biogas–fish” system by
employing the emergy method. Emergy provides a more complete
coverage of the dimensions of sustainability by considering differ-
ent forms of materials, environmental support, human labor and
economic services on a common basis. For this biogas system, the
aggregated emergy flow diagram, systematic accounting tabulation
and ecological indicator framework are exhibited separately. The
results show that for the “pig–biogas–fish” system with a lifespan
of 20 years, Tr is calculated as 1.26E + 05 seJ/J and the sustainability
indicator, ESI is 1.17. When compared with the conventional agri-
culture system in China, the “pig–biogas–fish” system displays its
superiority for the favorable ecological advantages.

Since most of the household biogas systems cannot work for
20 years before they are obsoleted, the impact of lifespan on sus-
tainability for the “pig–biogas–fish” system is discussed in this
paper. It reveals that the “pig–biogas–fish” system should be well
operated for 8 years to obtain a higher sustainability than the
conventional agriculture system. Therefore, the local government
needs to improve follow-up service and management of biogas fer-
mentation technology to ensure a longer service life of the biogas
system.
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